The present work proposes a novel industrial multi-field synergistic dryer with a drying capacity of 3.45 t/h. The energy, exergy, and quality aspects of the drying process were studied. An energy-exergy methodology was employed to estimate the energetic and exergetic performance, heat loss characteristics and heat recovery behavior of the dryer. Additionally, the quality of the dried paddy seeds was evaluated by its crackle ratio, generation potential, and generation rate. The results showed that the overall energy and exergy efficiency ranged from 13.26% to 56.63% and 39.03% to 60.23%, respectively. The improvement potential rates of the whole system varied from the lowest 8.49 kW to the highest 15.83 kW and respectively accounted for 15.81-29.48% of the total exergy input, indicating that the performance of the dryer is acceptable. The total recovered radiant energy and radiant exergy recover rate were respectively ascertained to be 237.64 MJ and 0.26 kW. As for the quality aspect, the generation potential and generation rate of the dried paddy seeds respectively ranged from 75% to 90% and 69% to 88% while the crackle ratio of the paddy seeds was 1%, which indicated that the quality performance of the dried seed is of economic viability.
Introduction
Drying (also dehydration or dewatering) is a typical irreversible thermodynamic process which is affected not only by external constraints (e.g., the drying process and ambient conditions), but also by the inherent properties of materials, the thermodynamic mechanism of the drying process, and the dynamic irreversible characteristics of the interactions [1] . Revealing the energy structure, energy transfer, and conversion mechanism in the drying process from both internal and external aspects is one of effective methods to maximize overall energy efficiency and reduce energy loss in the drying process. As a high-energy consumption operation in industrial production, drying consumes about 10-25% of the national energy each year [2] [3] [4] , and energy is an essential factor in overall efforts to achieve sustainable development. Therefore, it is of great significance to explore the drying theory and energy-saving technologies for the drying industry.
Paddy drying is a highly energy-intensive operation and sensitive to the quality of the dried product. In the last few decades, many researchers have carried out a great deal of research on the energy consumption and the quality investigation of paddy drying [5] [6] [7] [8] [9] [10] [11] , however, seldom studies about industrial-scale paddy drying technologies have been reported. In order to find an energy-saving and high-quality industrial paddy drying technology, researchers have conducted some studies on the energy-saving or high-quality drying technologies. For example, Sarker et al., reported an industrial fluidized bed dryer in 2015 [12] and found that the energy efficiency of the drying process ranged from 5.24% to 13.92% and recommended that the energy efficiency should be further improved by recycling the waste energy in the exhaust air and enhancing the insulation of the dryer body. Sarker et al. investigated the impact of drying temperature and air flow on energy consumption and the quality of rice (head rice yield and whiteness of rice) during paddy drying in an industrial inclined bed dryer [13] . Considering the recommendations mentioned above and based on our previous works, the present work proposed a general-purpose industrial multi-field synergistic dryer equipped with a waste heat recovery equipment. Moreover, in the drying process, the energy waste mainly includes the energy loss to surroundings and energy destroyed. It is necessary to reveal where and how much the energy is lost and destroyed in the drying system. The energy-exergy methodology can reveal where and by how much it is possible to design more efficient thermal systems by reducing the sources of existing inefficiencies [14] .
A large number of studies about energy and exergy analysis in drying process [15] [16] [17] [18] [19] [20] have been reported based on the quantity conservation of the energy consumption (First law of thermodynamics). For instance, Aviara et al. investigated the performance of the native cassava starch drying in a tray dryer by using energy-exergy methodology and the results showed that exergy efficiency increased with increase in both drying air temperature and energy utilization and was lower than energy efficiency [21] . Aktaş et al. worked on the minimized energy consumption and maximized exergetic efficiency of grated carrot drying [22] . Hazervazifeh et al. studied and compared the energy consumption, thermal efficiency, and the drying time of apple slices drying in a novel hybridized dryer under different drying conditions [23] . From the literature review, it can be seen that the exergy-energy methodology was widely used in drying process. Although there are a large amount of studies about exergy and energy performance for agro-product drying have been reported, few works have appeared on exergy, energy, and quality aspects performance for industrial paddy drying. Furthermore, though many researchers have studied industrial paddy drying technologies, there are still few reports about the multi-field synergistic drying. The present work proposed a novel industrial multi-field synergistic drying system which has the advantages of far-infrared drying, flash drying, and hot air drying. Based on the first and second law of thermodynamics, the present work focuses on energetic and exergetic performance, energy recovery performance and the heat loss characteristics of paddy drying in a novel industrial multi-field synergistic dryer. In addition, the quality aspect of the dried rice was also investigated so as to increase economic benefit and improve the energy utilization level in the rice processing industry.
Materials and Methods

Materials
The freshly paddy (Xiangzao Chan 45#), as shown in Figure 1 , was harvested from a local farmer at Leizhou Guangdong Province, China. The average initial moisture content is 25.06% (w.b.). The impurity content is less than 5% and the content of long stems (length ≤ 50 mm) is less than 1%. 
Equipment Description and the Working Principle
The schematic diagram of the dryer is shown in Figure 2 . As shown in the diagram, the multi-field synergistic drying chamber mainly consists of three sections including far-infrared section (I), flash drying section (II), reverse mixed drying section (III), and the controller set the power for the entire system. In the drying process, the paddy is lifted by the conveyor and falls into the dryer body from the inlet. After the dryer is full, the induced draft fan, the under-belt conveyor, the hoist and the discharging device are sequentially opened. Then the seeds sequentially flow through the far-infrared section (I), flash drying section (II), exhaust angle box, the reverse mixed drying section (III), the inlet angle box, and the grain discharge section, grain discharge device, conveyor and then to the hoist. The temperature of inlet air (T a,in ), outlet air (T a,out ), ambient (T ∞ ), radiator (T r ), and the humidity of inlet air (H a,in ), outlet air (H a,out ), and the ambient (H ∞ ) were monitored by the corresponding sensors connected with data acquisition system and the corresponding designed values of the temperatures are tabulated in Table 1 . The moisture content and temperature of the outlet paddy were measured by a self-developed online moisture meter (capacitance mode) which were pre-calibrated by using the 105 • C constant weight methodology. The details of the experimental instruments are listed in Table 2 . The scene graph of the multi-field synergistic dryer is shown in Figure 3 . In the drying process, the fresh paddy is lifted by the hoist and then flows through the far-infrared section (IFD) which mainly consists of four tubular infrared radiators. In this section, the thermal energy in high temperature flue gas is converted into radiant energy by the radiators. Since the far-infrared radiators are inserted in the dryer and surrounded by flowing seeds, the view factor of the radiator against the seeds in the dryer is equal to 1, that is, the radiant energy generated by the appearance of the radiator is totally absorbed by the seeds. Moreover, the radiant energy supplement the internal energy of the seeds and improve the tissue function of the paddy seeds. The paddy seeds then flow through the depressurized flash drying section (DFD) under the function of gravity. Since the moisture content of grain is above 25% (w.b.), the binding energy between water molecules and ingredient is negligible, the dehydration process can be regarded as water evaporation in the free state [24] . Therefore, the high-humidity grain dehydrates rapidly in the low-pressure medium and further leading to the temperature of the grain surface decreases rapidly. The result is that the surface temperature of the grain is rapidly decreased and form a forward temperature gradient (the direction of heat and mass transfer are same), which not only ensures the grain drying temperature is not over-limit, but also improves the moisture activity inside the grain and enhances the driving force in drying. After far-infrared and flash drying, the moisture content of the grain is greatly reduced and then flows through the RMD (section III), in the process, the longitudinal flow velocity and the lateral displacement of the grain are continuously changed under the diversion of the variable cross-section box, which not only ensures the uniformity of drying but also increases the drying rate. 
Energy Performance
In the present work, the general used mass and energy balance equations (Equations (1) and (2)) [25, 26] were adopted to analyze the energetic performance of the drying system which is assumed to be at a steady state and steady flow process, the equations are listed as follows: (2) or:
With all energy terms, the Equation (2) can be expressed as Equation (4):
The overall energy efficiency (η en ) was defined as the ratio of effective energy for the unit drying operation to the total energy consumption of the system, of which the effective energy consisted of energy for evaporation (E evap ), and work for transmitting (W conveyor ) and lifting (W hoist ) the paddy seeds, while the total energy consumption mainly consisted of the fuel consumption (Q fuel ), electrical energy consumption of the fan (P fan ), electrical energy consumption at the conveyor (P conveyor ), electrical energy consumption at the hoist (P hoist ), and energy consumption in other parts (P mix ), as shown in Figure 2 . Hence, the overall energy efficiency of the whole multi-field drying system (η en,w ) and energy efficiency of the drying chamber (η en,c ) can be respectively computed by Equations (5) and (6):
Exergy Analysis
The general exergy balance equation based on the second law of thermodynamics was adopted to analyze the exergetic performance of the drying chamber [26] . The developed equation in rate form is expressed as:
Equation (7) can be rewritten as Equations (8) and (9): Drying chamber:
Whole system:
where the effective work done by hoist and conveyor can be expressed as follows [27] :
According to some open literature [17, 26, 28] , the exergy model of mixture can be expressed as Equation (11):
Based on Equation (11), the specific exergy of the inlet and outlet paddy seeds ( • Exp) can be calculated followed by Equation (12) . Additionally, according to some open literature [17, [28] [29] [30] , the specific exergy of the mixture of dry air and water vapor can be calculated followed by Equation (13), so the mixed air flux entering and leaving the drying chamber ( • Ex a ) in this work can be also calculated according to Equation (13):
The exergy loss rate ( • Ex loss ) introduced by the heat loss of the drying chamber ( • Q loss ) can be computed by Equation (14) [17]:
The heat loss of the dying chamber are mainly consisted of three aspects which are the heat loss in the outlet air (Q a,out ), the heat loss in outlet paddy seeds (Q p,out ) and the heat loss in the chamber wall (Q wall ). Hence, the heat loss of the drying chamber can be calculated followed by the Equation (15) [24]:
The mass flow rate of the outlet dry air (
• m a,out ) can be determined by Equation (16) [17]:
where V is the velocity of the outlet air; S is the area of the outlet pipeline; ρ da is the density of the dry air which can be determined by Equation (17) [19] :
The enthalpies of the outlet drying air (ha,out) can be computed followed by Equation (18) [17]:
The exergy rate ( • Ex evap ) used for evaporating the moisture from the paddy seeds is defined by Equation (19) [26]:
In the far-infrared drying section, the radiation wavelength (λ) can be computed based on the Wien Displacement Law [31] , and the recovered radiant energy and exergy by the radiators can be respectively computed followed by Equations (21) and (22) [32]:
In the depressurized flash drying section, the preheated grain with different moisture content evaporated rapidly under a negative pressure (20 Kpa) due to the relation of linear change of boiling point and pressure of water. Flash drying can improve the tissue function of the seed and improve the drying quality including germination rates and crackle ratio. Owning to the energy quality coefficient of electric energy is equal to 1, the exergy inputted into the drying chamber by the negative-pressure air fan can be calculated followed by Equation (23):
The overall exergy efficiency (η ex,w ), exergy efficiency of the drying chamber (η ex,c ), specific energy consumption (SEC), exergetic improvement potential rate ( • IP), and exergetic sustainability index (SI) were adopted to evaluate the exergy performance of the drying system, and the indices were determined as follows, respectively [17, 19, 28] :
In the present work, the dead state was considered to be the conditions of the ambient at which the temperature, pressure, air velocity, and absolute humidity were 28.5 • C, 101.325 kPa, 0.2 m·s −1 , and 0.018 kg water·kg −1 dry air, respectively. The latent heat of condensation was neglected in the present work. Additionally, the thermodynamic values and related equations used for calculating the indices mentioned above are tabulated in the Table 3 , the nomenclature of the symbols adopted in this work are tabulated in the Nomenclature. 
Drying Kinetics and Quality Performance
In this work, the wet basis moisture content (M) and the drying rate (DR) of the paddy can be calculated by Equations (29) and (30), respectively [35, 36] :
The quality performance of the dried paddy seeds in this work was evaluated by the germination rates (GR) and crackle ratio (CR), of which GR was measured followed by the method reported by Li (2004) [37] while the CR was measured under a burst waist lamp by Equations (31) and (32), respectively:
Uncertainty Analysis
Uncertainty analysis is a commonly used effective method for evaluating the experimental results. In the present study, the experimental errors and uncertainties mainly arose from the convective dryer, instrument accuracy, ambient conditions, observation, and the test planning. Uncertainties of the experimental in this work were ascertained by Equations (33) and (34) [38] :
Results and Discussions
Drying Performance of the Dryer
In the present work, the exergetic, thermal, and drying performance of an industrial multi-field drying system were investigated, respectively. The actual air supply weight of the system is 9556.645 kg/h and hold up as 31,000 kg during the drying unit. The initial moisture content of the grain for the experiment is 25.06% w.b. In the drying process, the moisture content of the grain, the temperature of inlet air, outlet air, ambient, radiator, chamber wall and the grain, the relative humidity of the inlet air and outlet air were measured at 30 min intervals, respectively. The drying performance of the dryer was evaluated by the drying kinetics, crackle ratio and generation ratio of the dried product, the results are shown in Figures 4-6 , respectively. As can be seen from Figure 4 , the whole drying process lasts for nine hours, and the drying capacity of the dryer were ascertained to be 3.45 t/h. The industrial multi-field drying of paddy process experiences four periods including period I: Warming up period (0-60 min). In this drying period, since the evaporated water in this period can be regarded as free water and the dehydration characteristic can be summarized as free water evaporation, the moisture is quickly removed from the paddy seeds. The maximum drying rate (DR max = 3.84g water /g dry matter hour ) was also found at the first 60 min in the period. Period II: Falling period. In this period, since the form of water in the material is mainly expressed as bound water, more energy is needed for overcoming the binding energy between the moisture molecules and the adsorption site and less energy is used for evaporation the water [39] , therefore, the drying rate in this period decreases from 3.84 g water /g dry matter hour to 0.22 g water /g dry matter hour . Different with many other studies, there comes a constant period III between the two falling periods, which may result from the dryer construction or the drying conditions. In the last stage of the drying operation(after 390 min), the paddy temperature increases briefly due to the increased binding energy in the low moisture content of the material, the energy the paddy seed obtained is used for increasing the internal energy of the seeds and the paddy temperature is increased. Similar findings have been reported by Yang Huiping in 2012 [40] . In terms of the evaporated water, as can be seen from the Figure 4 , the dehydrated water in period I, II, III, and IV are 130.75, 190.04, 60.17, and 27.39 kg and respectively account for 33.2%, 48.3%, 15.3%, and 6.9% of the total dehydrated water.
The generation rate is one of the most important indices to study the freshness of the paddy while generation potential is one of the factors for calculating seeding amount [40] . When the germination rate is the same, the seeds with high germination potential have strong vitality, which may grow better in the field. The GP and GR of the paddy seeds dried by the present dryer and general hot air dryer were investigated in a germinating bed which was sterilized by water boiling, the results are shown in Figure 5 . In the six-day and eight-day tests, the GP and GR of the paddy seeds dried by the present dryer (MFD) ranges from 85% to 90% and 79% to 88%, respectively, while the GP and GR of the sample dried by general hot air dryer (HAD) ranges from 60% to 64% and 62% to 81%, respectively. Obviously, the GR and GP of the paddy seeds dried by the multi-field dryer is higher than that in the general hot air dryer, which is due to the regulating effect of far infrared ray which improved the tissue function and drying quality of seeds. The crackle ratio of the dried seeds was investigated under the crackle light, as can be seen from Figure 6 , there is only one out of 100 test paddy samples crackled, that is, the crackle ratio of the paddy seed dried by MFD is 1%, which indicates that the quality performance of the MFD is better than the HAD.
Energy Analysis of the Dryer
Energy Recovery
Waste heat recovery is an effective approach to reduce energy consumption. In the present work, four tubular radiators were adopted to recover the waste heat from flue gas, in the radiator, the waste heat is converted into radiant energy which can enhance the drying even better than the thermal energy [41] . Additionally, a proper wavelength of radiation can cause the resonance of moisture molecules in the grain, the change of energy levels and increase the internal energy of the grain, thereby strengthening the drying. The radiation wavelength (λ) and the radiant energy recovered by radiator (E FIR ) can be calculated followed by the Equation (20) and Equation (21), respectively. The calculating results are shown in Figure 7 and, as shown in Figure 7 , the wavelength of the radiator ranges from 7.89 µm to 8.15 µm. In 2003, Zhu and Zhang reported that when the far-infrared wavelength is near 9 µm, the paddy obtains the highest absorption rate of far-infrared radiation [42] . Additionally, the variation of recovered energy with drying time is shown in the figure. As can be seen from the figure, the recovered radiant energy rate in different drying time varies from 7.16 kW to 7.68 kW, and the total recovered radiant energy is 237,642.19 kJ which could evaporate almost 7.41 kg water from the wet paddy grains. Overall, the radiators can not only recover the waste heat, but also improve the quality of the product (as shown by the analysis in Section 3.1). Figure 7 . The wavelength of the radiator and the energy recover process.
Heat Loss Characteristics
To minimize the energy consumption and increase the energy efficiency of the system, heat loss characteristics of the drying chamber were investigated. In the present work, the energy loss of the drying system are mainly consisted of three parts: heat loss to surroundings(Q wall ), heat loss in outlet air (Q air ) and heat loss in outlet paddy seeds (Q paddy ), which can be calculated followed by Equations (15a)-15(c), respectively. The results are shown in the Figure 8 . As can be seen from Figure 8 , corresponding with the drying kinetics, the energy loss characteristics is divided into four period as well. In the warming up period (0-120 min), the • Q wall , • Q air , and • Q paddy briefly decreases in a small range, which is because the evaporation of water on the paddy surface takes away a lot of heat, the paddy and outlet air temperature correspondingly decreases and further leads to the decrease of the heat loss. Since the paddy temperature is lower than the outlet air temperature in the warming up period, the heat loss rate in paddy seeds is less than that in outlet air and the total heat loss for Q wall , Q air , and Q paddy were ascertained to be 134. 47, 172 .76, and 73.46 MJ, respectively. Additionally, at end of the period, the drying chamber got the maximum energy efficiency of 64.28%, which indicates that only 35.72% of the total energy input was lost at the drying time. In the first falling period, the heat loss rate in outlet air and paddy seeds increases with the increase of drying time while the heat loss rate in wall varies in a small range (32.37-36.67 [14, 30, 33] , the binding energy between water molecule and the dry mass increases with the decrease of material moisture content, that is, under the same condition of energy input, more energy is used to increase the internal energy of the material in the low moisture content area and further leads to the increase of the paddy temperature. Thus, the heat loss in outlet paddy seeds increases rapidly, similar founding has been reported by Ma in 2012 [43] . Based on the calculation results as shown in Figure 8 , the average heat loss rate was ascertained to be 468.2 MJ/h. The result is lower than the result (2036.6 MJ/h) reported by Shiun et al. for a fludilized bed dryer with drying capacity of 18 t/h [44] . Efforts should be made with respect to the insulation of the dryer body or the optimization of the inlet air temperature in the last period of the drying process. Figure 9 depicts the total energy consumption ratios of the whole MFD system and the drying chamber, the total energy consumption of the system are mainly consisted of six aspects including the fuel, fan, negative pressure fan, conveyor, hoist and the mix, which accounts for 87.04%, 7.71%, 1.29%, 1.54%, 1.90%, and 0.51% of the total energy consumption, respectively. The fuel provides the thermal energy for air heating while the power source provided the electrical energy for the other components, the parameters of the related equipment adopted in the present work are tabulated in Table 4 . In the drying chamber, the energy consumption in far-infrared drying section (IFD), depressurized flash drying section (DFD), and reverse mixed drying section (RMD) were investigated and the results shows that the energy consumption in IFD, DFD, and RMD, respectively, account for 4.87%, 1.66%, and 93.47% of the total energy consumption in the drying chamber. To increase the exergetic performance and ascertain the exergy structure of the drying chamber and the whole system during the drying process, exergy transfer rate of each component was calculated followed by Equations (6)- (14) , the results are averaged and expressed as Grassmann diagram, as shown in Figure 10 . For the drying chamber, the input exergy is mainly consumed by five aspects, including exergy destruction, exergy for evaporation, exergy loss to surroundings, exergy in outlet paddy seeds and air and, respectively, accounts for 55.69%, 22.25%, 10.36%, 5.7%, and 5% of the total exergy inputted into the drying chamber (18.12 kW). The average exergy loss rate in the outlet paddy seeds and outlet air are 0.91 kW and 1.03 kW, respectively. In another words, there is only 0.91 kJ and 1.03 kJ exergy loss in the outlet paddy seeds and outlet air per second, which indicates that heat exchange performance between paddy seeds and hot air flux is good. On the other hand, there are almost 22.25% of the total exergy inputted into the drying chamber is used for evaporating the moisture from the paddy grains, similar results has been reported by Sarker for rice drying in an industrial inclined bed dryer [12] . Different with the exergy structure of the drying chamber, the exergy consumed by the devices outside the drying chamber were also investigated for the exergy structure of the whole system, as can be seen from Figure 10 , the exergy destruction rate gets the highest value of 23.7 kW, followed by the fan of 15 kW, water evaporation of 4.03 kW, hoist of 3.24 kW, negative pressure fan of 2.5 kW, loss to surroundings of 1.88 kW, outlet air of 1.03 kW, Mix of 1 kW, outlet paddy seeds of 0.91 kW and conveyor of 0.2 kW, and respectively accounting for 44.09%, 27.91%, 7.5%, 6.03%, 4.65%, 3.49%, 1.92%, 1.86%, 1.68%, and 0.37% of the total exergy input rate. Additionally, 0.26 kJ exergy is recovered by the radiators per second, though the recovered radiant exergy rate only accounts for 0.49% of the total exergy input rate (total recovered radiant energy can evaporate 7.41 kg water, as shown in Figure 7) , the infrared radiation on the quality of paddy seeds cannot be ignored, as analyzed in Section 3.1. Figure 10 . Grassmann diagram of the drying chamber and the whole system for the paddy seeds' multi-field drying process.
Energy Structure of the Drying System
Exergetic Performance of the Whole System and the Drying Chamber
In the present work, the exergetic performance was investigated by applying the performance indicators including exergy efficiency (η ex ), improvement potential rate ( • IP), specific energy consumption (SEC), and sustainability index (SI), which can be calculated by Equations (24)-(28), respectively. Generally, the system performance is increased by increasing the exergy efficiency,
• IP is used to make feasible betterment in each component throughout the whole system [45] , SEC is used to evaluate the difficulty of the drying, and SI displays the effect of exergy efficiency change on sustainability [30] . The results of the exergetic performance indicators at different drying time are tabulated in Table 5 .
As shown in the table, for the drying chamber and the whole system, η ex , η en , and SI decreases with the increase of drying time (or SEC) while • IP increases with the increase of drying time except one time point (60 min). According to the heat loss characteristics analyzed in Figure 8 , the heat loss rate in the point is lowest throughout the whole drying operation, generally the energy and exergy efficiency increase with the decrease of heat loss, therefore, η ex and η en obtain the maximum value in the point. Obviously can be seen from the table, after 390 min, SEC increases rapidly (35.64-99.41 kJ/g water ) due to the existence of the binding energy, as mentioned in Section 3.2.2. Perhaps the variable temperature drying technology (final temperature is 35.5 • C) can help to solve the problem as reported by Xiong et al. [46] . Comparing with the drying chamber at the same time, the η ex , η en , and SI correspondingly obtained lower values while • IP obtained the higher value for the whole system. Of which the improvement potential rates of the drying process varies from the lowest 2.88 kW to the highest 10.59 kW for the drying chamber (accounting for 15.89-58.44% of the total exergy inputted into the drying chamber), indicating that the drying chamber has a high potential to improve the exergy performance. While the improvement potential of the whole system varies from the lowest, 8.49 kW, to the highest, 15.83 kW, and respectively accounts for 15.81-29.48% of the total exergy input, and the results are close to the results (improvement potential accounts for 13.28-33.07% of the total exergy input) reported by Aghbaslo et al. in 2012 for fluidized bed drying of fish oil [47] . Additionally, in the present work, η ex is slightly higher than η en under the same drying time for both the drying chamber and the whole system, which may due to the poor irreversibility of the energy transfer process. Similar findings have been reported by Sarker et al. for paddy fluidized bed drying (energy efficiency varies from 5.24% to 13.92%, while exergy efficiency varies from 46.99% to 58.14%) in 2015 [12] , Aghbashlo et al. for potato slices drying in a semi-industrial continuous dryer (energy efficiency varies from 15.13% to 37% while exergy efficiency varies from 57.13% to 94.05%) in 2008 [48] . 
Conclusions
In present study, the dried rice quality, the energy and exergy performance of a novel industrial multi-field synergistic dryer were investigated. The main conclusions depending on the results of the present work are as follows:
•
The average drying rate for the paddy drying in the present dryer was ascertained to be 1.21 g water /g wet matter hour, and the drying rate decreased significantly after 390 min, an appropriate drying temperature for maintaining the drying rate with reasonable energy consumption should be further studied.
The quality aspect of the product dried by the present dryer showed a better performance than that by the traditional industrial hot air dryer. The GP and GR of the paddy seeds dried by the present dryer ranged from 75% to 90% and 69% to 88%, respectively, the crackle ratio of the paddy seeds was 1%.
After 390 min, the heat loss in outlet paddy seeds rapidly increased with the increase of drying time, which indicated that the energy efficiency should be improved in this period. The overall heat loss in outlet air, paddy seeds and in wall were ascertained to be 2575.88, 3868.68, and 1140.06 MJ, respectively.
The total recovered radiant energy and radiant exergy recover rate were ascertained to be 237.64 MJ and 0.26 kW, respectively. Additionally, the wavelength varied from 7.89 µm to 8.15 µm, which are close to the optimal absorption wavelength of the paddy seeds.
The overall energy and exergy efficiency of the paddy drying in the multi-field dryer ranged from 13.26% to 56.63% and 39.03% to 60.23%, respectively, indicating that the dryer is designed in an energy efficient manner.
The improvement potential rates of the drying process varies from the lowest 2.88 kW to the highest 10.59 kW for the drying chamber and accounting for 15.89-58.44% of the total exergy inputted into the drying chamber, indicating that the drying chamber has a high potential to improve the exergetic performance.
The present work introduced a novel drying system which has the advantages of the three mentioned drying methods, the results showed that the comprehensive performance of the drying system is good and the drying system can be useful in other bioproduction processes. Additionally, the results would be helpful for further optimizing the drying process, recovering the waste heat and raising the energy utilization level. Further study is recommended to identify the appropriate drying temperature and air flows for faster drying of paddy to achieve better quality rice at reasonable energy consumption. Furthermore, a thermoeconomics analysis of the drying system is also recommended to improve the economic efficiency. 
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